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SUMMARY

The change in spanwise load dlstribution at high Mach nmumbers
is of considerable interest because lateral movement of the center of
1ift affects the trim, stebility, and structural Pactors of safety
of an alrplane., The effects of Mach number upon the span load distrli-
bution of various alrplanes have been predicted from the results of
several series of model tests in high~speed wind tumnels, but all tests
were not made under comparshle conditions, Different model support
strute were used and various methods of tunnel calibration were
employed. TFurthermors, the results of the various tests were not
presented in the same mammer., This report is an attempt to correlate
these data by reducing them to similar test conditions and paremetsrs.

Although the avallsble date are too meager to permit ilsolation
of the effects of changes in wing configurstion, ln a malority of
cages the tests reveal a itendency for the center of lift to shift out~
board with increasing Mach mumber, The exceptlons noted are a wing
with a thickened and swept-back root sectlion which housed an air-inlet
duct, and a highly tepered wing of constant thickness ratio with shout
2° of washout.

. The theoretical span load distribution was ccmpﬁ'bed and. compared
wlth the wlnd~tunnel results for the two cases whers high-speed air-
foll section data were available and the agresement was quite. satis—
“factory. .
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INTRODUCTION .
Most high-speed airplanes attaln velocitlea even in shallow
dives great enough to cause the criftical Mach number of the wing
to be exceeded. As the critical Mech number usually varies
across the span of the wing due to changes In wing profile and
thickness, or to the presence of nacellesm, local sweepback, and
fuselage interference, the load distribution may be strongly
affected by compressibility. If the center of 1lift shiftes outboard,
the bending moment in the wing root may become large enough to
cause structural fallure. Although several serles of high-speed
span-load lnvestigations have been made during recent years, the
results are not readlly comparable because.the models represented
widely different types of airplanee and were tested on various
support systems. All basic data in thils report are from tests
in the Ames 16~foot high—specd wind tunnel except those of the
high-aspec¢t—ratio wing which are from tests in the Lengley 8-foot
high~speed wind tumnel, As improved methods of calibrating wind
tunnels and computing constriction corrsctions were developed,
they wers incorporasted into the test procedures. Finally, the
rosults of the tests were presented in various ways sc direct
comparisons of the data waere difficult. Since this report is
" merely a summary of ‘the results of tests of the unrelated models
previously mentioned and includes no further investigations in
which the effects of the varlables were systematlcally determined,
most :of the deficlericies of the original regults still exist.
However, all data have been reduced to.the same paremeters and
the same conatriction and calibration factors have been applied
where possible. '

MODEL, AND AFPARATUS

The models tested in the Ames 16-foot wind tunnel were three—
dimensional models of complete airplanes 'and were mounted on two
front struts and a taill strut, A -sketch showing plan and front
views of the left half of ocach model, the location of the front
support struts, and a tables of bagic data are included In figurecs 1
through 7. The front support struts for the model of figure 6 were
g0 arranged that the leading edges of the struts were at the trailing
edge of the wing. These struts had a thickness—to-chord ratio of
0.12 and most of each strut was covered with o fairing. For the
other Ames tests the front support sitruts bad a thickness—to-chord
ratio of 0.05 and chords of 8 inches at the model and 60 inches at
the tunnel wall, The rear strut had & thickness—to—chord ratio of
0.07 and a 20-inch chord. All three struts wers wsed withount falrings.

WD
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The high-espect-ratio wing model (fig. 1) tested in the Langley
8-foot high-speed wind tunncl was mounted on a thin vertical
plate on the model and tunnel center lins. -
The locations of rows of wing pressure orifices are
Indicated by dashed lines on the sketches of the models.
BEDUCTIO& AND ANALYSIS OF DATA
' l éymbols
The symbols used in this report.arré_d..efined. as fpliows:
A  aspect ratio (b2/s) |
a speed of sound in free stream, feet per sscond
b span of wing, feet v ‘
Cp, - lift coefficient (ﬁ,/qs)
G sectlion chord of model, feet’
."c" mean model chord (S/b}, feet
cp section normal-force coefficient (n/gc)
acceleration eg;u_a.I_L to gro.vi.ty, 32,2 feet per gecond per second
L+ . 1ift on model, pounds
M Moch number (V/a)

Mgy critical Mach mumber (free—stream Mach number at which the
local veloclty bscomss sonlc)

n section normal force, pounds / ET.

q dynamic préssure in free strenm, pounds per square :E‘oot. Gov2)
S area of wing, square feet |

v veloclty of free stream, feet per second

h'g distance along semispan from center line of symmetry, feet
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o/ angle of attack of wing chord llne or fuselage reference line
(see figs. 1 to 7), corrected for tunnel-wall effects and

upflow, degress :

o] mass density Iin free stream, slugs per cubic foot

Msthoda of Reduction

In every case the pressure-~distribution data were reduced
to sectlon normal~force coefficients by integration of ocurves
giving the upper and lower surface pressure coefficients along
the chord of each section. No corrections for wing dihedral were
made to the section loading coefficlents cpc/¢  when they were
plotted along the model span. The centroids of the leoadlng were
determined by integration of curves of section loading coeffi-
clents plotted along the span.

The lateral centers of 1lift were determined by integrating the
loading curves showm in figures 1 to T without extrapolating the
curves inboard of the points at which the date terminate, Therefore,
the laterel centers of lift shown are asctuslly the centroids of the
loading ocutbcard of the pressure stations at which the loading
curves terminate and show the effects of Mach number upon the bending
moment at these statlone rather than at the actual wing root,

Methods of Analysis

In this report the theoretical loading was computed by a
generalized method of applying lifting-line theory (reference 1)
which utllizes actual hilgh-speed wind-tunnel date, Most previous
reports on span-load tests presented a theoretical loading computed
by the method of ANC-1(l) (reforence 2) using experimental or
estimated low—speed alrfoil characteristice.

RESULTS AND DISCUSSION

The Ames l6-foot wind-tunnel tests summarized in this report
cover a Mach number range of 0,40 to 0.80 or 0.825 and the Langley
8-foot wind—tunnel tests extend from a Mach number of 0,40 to 0.925.
The Reyholds number for the Ames tests varies from 4,000,000 for
the smellest model at 0,40 Mach number to 9,000,000 for the largest
model at 0.80 Mach number. Reynolds numbers of $00,000 at a Mach
number of 0.4 and 1,400,000 at 0,90 Mach number were atiained during
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the Langley tests.

The varistion of critical Mach mumbsr along the model span is
shown in figure 8 for several of the models tested., Models A and C
show the normal variation, the thicker root sections having the
lower cxritical Mach numbers. Quite the reverse is true in the caze
of’ model B where the inboard section has the highest critical Mach
numbsr except at negative or largs positive 13ft coefflclients when
the pressures reach critical values over the duct 1lip. This unigue
effect appears to be the result of several factors, When alr is
flowing through the duct a higher critical Mach number is mainbtained
over & widsr range of 1ift coefficlents than when' the ducts are
closed. Even with the ducts closed, however, the root section has
& higher critical Mach number then an NACA 66-series airfoil of
comparable thickness—to-chord ratio; so it is obvious that the
excellent high-speed characteristics are due in peart to three—
dimensional effects produced by the marked sweepback and taper
exlsting over this portion of the wing. Model D has a relatively
small variation in criitical Mach number across the wing span, the
root and tip sections having somewhsat higher values for all 1ift
coefficlents up to about 0.70. A somewhat similar variation of .
critical Mach number exists across the span of model E. The tip
sections always have the highest critical Mach number and the
middle portions of the wing have the lowest, The slight increase
in critical Mach number at the point of dihedral reversal _
(2pproximately O.L semispan) for 1ift coefficients of 0.60 and
0.80 is probably due to local seperation and the reduced 1lift
coefficient occurring at this poinw,

Lift Charscitsristics

) The varlation of the lift—curve slopes and angies of zero
1ift with Mach number is shown in Pfigure 9, In every case the
lift—curve slope increases smoothly up to soms Mach mumber between
0.675 and 0.775 and then bresks sharply downward. This Mach
number of divergence varies with the wing thickness, the break in
the curve occurring at the lower Mach numbers for the thicker wings.
The angle of attack for zero 1lift remained constant or decreased
slightly up to about 0.70 Mach number for all models, With further
increases in Mach ntmber the zero—lift angle-of models B, D, and E
shit?ted abruptly in a positive dlrection, while the increases for
models C and F were more gradunl. Up to 0.80 Mach number the
zero—1lift angles of Model A and the high—-aspect—ratlo wing had
changed only zbout 0.5° although the high-espsct-ratio wing
experienced a rather large increocse above 0.825 Mach number and
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it appeared that model A mlight do likewlse at the hipher Mach '
numbers. Model B experienced.the largest increase In zero-lift
angle,eghe shift being nsarly 4° between Mach numbers of 0,40
and 0,80, o

8pan Loed Digtribution

As the models for which high-speed span—lcad data are |
avallable very widely in genersl configuretion, airfoil sectlon,
thickness and twist distribution, plan form, and aspect ratio,
it is not possible to isolate the effects of theses variables.
Theoretical analysis of the loading is further complicated by
the fact that most models employed modified airfoil sectlionas for
which no high~speed section deta were gvailable, Consequently,
all that could be done was to reduckh the original data to similar
test conditions and to the same loading coefficlents and to
present it at the same values of angle of attack and Mach numbelr.

Although the low-speed span loading can usually be predicted
with reasonable accuracy using the method of ANC—L(1) (reference-2),
this procedure is of little value for high-speed conditions
because the 1lift characteristics often change considerably and
even becoms nonlinear. Therefore, the loading for the high-espect-
ratioc wing was computed by the method outlined in reference 1,
using actual high-spsed secilon data, and the results are
presented for 0.40 and 0.80 Mech number in figure l(e), This wing
was particularly amonable +to theoretical analysis since it had a
gimple plan form and en undistorted airfoll sectlion for which
high-speed section date were availsble. It is apparent that the
theoretical and measured load digtributions are in excellent
agreement when comparsd at squal 1ift coefficlents., The loading
changes guite radically at Mach numbers of 0.85 and above, From
figure 10 it may be seen that for all ppsitive lift coefficients,
the center of load of this model moves outboard above 0,77 Mazch
nunber. The shift is greatest at low angles of attack and would
result in variation in trim and stability due to changes 1n the
downwash at the tall, A further effect of this shift in the
center of load is to increase the root bending moment. For a 3g
pull —out  the increase is 95 percent as the Mach number changes
from 0,77 to 0,90, This bending moment is ebout 2.5 percent
greater thdn that predicted by ANC-L(1).

The loading on the wing of model A, shown on flgure 2, is
guite different from that on the high-ampsct—ratio wing. Part of
this difference is apparently due to a substantial amount of 1ift
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contributed by the fuselags because the loading at the wing root
is too great to be accounted for by the additional area or the
change 1in effective angle of attack caused by the small leading—
edge extension at the wing root. Although there is a small
incresse In rost bending moment due to the outward shift of the
center of 1ift with increasing Mach number, the root bending
moment never quite ettains the value prédicted by ANC—L(1). Since
no high—speed section date wers available for the airfoil used. on
this wing, no other theorstical calculations wers attempted.

Modsl B (fig. 3) is another examples of an airplane with a
wing which depurts radically from a siraightforward design. In
this case however, it is the wnusual wing root which carries more
than the expected load at high Mach mumbers. The experimental
results indicate tip loads lowsr -..ha.n those computed by ANC—L (1)
and for this reaason the root bending moments-ere less than the
theoretically predicted ones et nearly all 1ift coefficlents and
Mach numbers. The somewhstb. irreguler distributions measured at
the higher Mach mrmbers may be d.ue to support strut interference.

Model C (fig. L) has a wing of conventional plen form,
thickness veristion, and twist dlstribution. With increzsing
Mach number the 1lift for a giver angle of attack flrst increases
as a result of the increase in lift—curve slops, Due to its
greater thiclkneas and higher angle of attack the root section
exceeds the critical Mach number Jirst, rasul'cing in a decreass
in load carried by this section. At the higher Mach mumbers all
sections of the wing uare operating above thelr critical conditlons,
resulting in a general decrease in loading acroes the span., The
loss of 1ift at the root section causes an outward shift in the
center of loading with = consequsnu increase in wing root bending
moment., At & Mach number of 0.£0 end a 1ift coefficient corre—
sponding to a 3g puil-out at 5000 feet the bending-moment at the
wing root is about 17 percent grsater tha,n for a similar pull—out
at 0.6 Mach number.

Although the wing of model D (fig. 5) and the high-aspect—
ratio wing (fig. 1) are quite similer in plan form they dirfer
considerably in sweepback, dihedral, . thickness, and twist. Also,
the wing of model D was tested in ccxnbinaf:ion with a fuselage.
The thickness and twist distribution of the model D wing appear
quite satisfactory, since the wing does not sxperience any large
loss in 1lift over the root section at the higher Mach numbzrs.
Figure 10 ghows that the lateral cenlexr of 1ifrt acfually gshifts
inboard with 1ncrea51ng speed.
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Model ¥ (fig. 6) is a apecial came, since it is the only model
of the group with a wing of the inverted—gull type. The large loss
of 1ift over the inboard sectlion of the wing is due to the thicker
inboard wing poanel having the lowest critical spsed and to separa—
tion of flow at the point of dihedral reversal, Figure 10 shows a
continuous. outward shift of the lateral center of 1lift as the Mach
number is increased. This shift of loading results in an increase
in bending moment at the wing root of approximately 15 percent
above the theoretical wvalue for a 3g pull-out at a Mach number
of 0.80 and an altitude of 5000 feet,

Although rather incomplete span—load datoc were obtalned
during the model F testa, because the model had but three wing
Preggure stations, the data have been included because the simple
and stralghtforwverd design of the wing make it cmonoble to
theoretical treatment., While the airfoll employed is not a basic
section, it 1s closely related to one for which high-speed smection
data are avallable, The uppeor sets of curves in figure T show the
span loading at 0.40 and 0.80 Mach numbér as.determined from wind—
tunnel teats. The lower sets of curves are for the loading computed
from section date by the method of reference 1, and the test points
shown are from measured losdings at the same 1ift cosfficlent ag
the computed looadings. As no wind-tunnel data were avnllable for
the 65(112)~213 alrfoil the section characteristlics used in the
computations were obtained by plottiing avallable wind—tunnel data
for the 65;-series airfoils and then extrapolating to get
characteristics for a 65I~213 alrfoil., The agreement botween the
theoretical and measured loadings is excellent at 0.4 Mach number
but the losa of 1lift measured at the wing root is not indicated by
the theoretical analysis. It is belleved that this loss of 1lift
at the root may be the result of interference between the wing and
fuselage becaunse the fuselage alr-—intake ducta undoubtedly have an
appreclable effect npon the wing-root pressures.

CONCLUDING REMARKS

Correlation of avallable span—-load dota fyrom high—-speed wind—
tunnel testa indicated that in the majority of cases the center
" of lift shifted outboard at the higher Mach numbers. Although this
shift resulted in wing-root bending moments greater than those
indicated by low-—-speed wind-tunnel tests, in some cases the center
of 1ift did not shift outboard of the point computed by low—speed
theory. For two of the models tested the center of lift actually
shif'ted inboord wilth increasing Mech number. The excellent high—
speed characteristice of the one model, which had a thickened wing
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root housing an air-inlet duct, were apparently duwe to three—
dimenaional effects produced by the sweepback and taper of tha

root section. The other modsl for which the center of 11ft shifted
inboard had a highly tapered wing of constant thickness ratio with
about 2° of washout. The outboard shift of loading for & model
with an inverted-gull wing wos avparently due to premature separa—
tion and loss of 1ift at the point of dihedral reversal.

When high-speed airfoll data were available and the model wing
wes of conventional plan form and was not sublected to large -
interference eff=cts from othsr parts of the model it wes possible

t0 compute the span losd distribution at high Mach numbers with
conslderacble accuracy.

Ames Apronautical Iaboratory,
Wational Advisory Committee for Aeronautics,
Moffett Field, Callf,
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ITACA RM No. ATC28 ‘ Fig. 6
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FIGURE 8.~ SPANWISE VARIATION OF CRITICAL MACH MUMEER
FOR  MODELS OF SSVERA:L AIRPLCAMES.
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